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Investigation was conducted on the optical properties

Abstract

of high infrared emittance optical films depocsited on CdS
solar cells. Materials were selected and deposited by
sputtering and thermal evaporation. Measurements were made

of emittance and cell stability in humid atmosphere.
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A

Summary

Suitable materials were chosen for depositica
in film form onto CAS solar cells. The criteria included
infrared optical properties,and chemical and mechanical
stability. The materials selected were CaCOs, A1203,
510, and MgFo. Sputtering and thermal evaporation were
investigated as means for deposition of fthe films,
Sputtering was found to be too delicate and too slow to
be feagible as a production process, MgFo and S10 were
thermally evaporated and the resulting films analyzed,
Measurements were made of emittance of the CdS cell both
bare and with various coatings. Cells with various
coatings were stored in a humid environment and performance
measured. The combination of 1/3 micron of SiOy overlayed

with 3 to 10 microns of MgF, appeared most promising,



. Introduction

The purpose of this program has been to develop and
apply optical coatings to CAdS solar cells to obtain an
increase in the solar power conversion efficiency and to
obtain a degree of protection against moisture damage.

It is desired to maximize the amount of light entering the
cell in the region of spectral sensitivity, reflect as

much as possible of all others, and to maintain a low
operating temperature in extraterrestrial space. These
conditions are not all independent. For example, a metallic
surface which absorbs strongly will also be a good reflector
and consequently a poor emitter., The parameters for the
problem are as follows. The cell responds to all wavelengths
less than about 1 micron. The sun 1s approximately a

6000°K black body. It is assumed that the cell receives sun-
light at normal incidence and reradiates to empty space,

These conditlons determine the desired optical properties of
the cell, Further, it is necessary that the applied coatings
be mechanically and chemically stable in terrestrial and
extraterrestrial environments. This implies that the coating
proteet the cell from water vapor at sea level and be stable
under radiation in the van Allen belt. These requirements are
relatively restrictive and limit the materials which can be

used effectively.




Optical Properties Of Cell and Coating

The main requirements for the cell coating are that it
be transparent to wavelengths of light less than 1 micron and
have high emittance for wavelengths emitted by the cell at
1ts steady state operating temperature, The cell itself has
an Index of refraction about 2,5, so to reduce reflection
losses, the coating should have an index around 1.5 to 1.6.
The p-type layer on the CdS cell has a high infrared reflec-
tance and a low emittance of about 0.2, The material sought
for the coating should have an emittance of 0.7 to 0.8,

A wide variety of materials are avallable which are
visibly transparent and have a refractive index in the range
near l.5. The property of high emittanée narrows the field.
For calculation purposes, it is assumed that the cell absorbs
all the solar radiation and must reradiate 90% back to empty
space. A black body under these conditions comes to a steady
state temperature of about 333°K. Consequently, the coating
must have high emittance for those wavelengths emitfed by a
333°K black body. Figure 1 shows the spectral distribution of
radliation from such a source, with Figure 2 showing the
integrated curve. As can be seen, most of the power is emitted
in the band between 5 and 25 microns, so i1t is in this band
that the emittance must be high.

A compromise must be made in the case of material in film
form. To obtain high emittance, the absorptance must be high and

reflectance low. However, to reach high absorptance in a film,
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the absorption coefficlient must be high. This automaticaily
makes for high reflectance., Thus, the compromise is to
have a moderately thick film with a moderate absorpticn
coefficient., For emittances above 0.5, this implies films
3 to 10 microns Thick with absorption coefficients between
103 and 104 cm'l in the rangz between 5 and 25 micron wave-
lenzth,

Optical absorption in this wavelencth range in solids
1z associated with vibrations of the icns in the lattice

cxelited by the incident light. A simple pictur: of this

I

4
found in Kittel's "Introduction to Solid State Physics"i1),

From Kittel, the amplitude of vibration induced in a diatomlic

molacular chain is:

d = displacement of the ion

A - constant containing ionic mass and the forcing
amplitude

W = frequency of the incident light (frequsency of the
forcz applied)

W = natural fregquency of the lattice

1+ 1
wf = Eﬁ(ﬁ ﬁ)

soring constant between jcns

ionic ma2sse s

s
&

-
=
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In terms of wavelensths, this beccmes
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where o] velccity of light

o = &
No = &
)\= C
W

The absorption of thz incident light will be large when
the induced vibration is large and so the absorption will be
decreasing at longer and shorter wavelengths. The high absorp-
tion will be very large at X: )\o, decreasing at longer and
shorter wavelengths., The high absorption at)\=>\o produces
metallic reflection and is known as Restrahlen. As the
absorption decreases, so will the reflectance. The range of
interest for this application will be that on the short wavelength
side of the Restrahlen wheres the absorption coefficient ranges
from 103 to 104 em™1., 1In general, all solids will have the
same variation of absorpntion with wavelengch and the materizls
for this applicatiocn will be those with Restrahlen wavelengths
beyond 20 microns and moderate absorbance to about 5 microns.
Figure 3 shows the absorbance and reflectance spectra for
some of the better known candidate materials. The uniformity
of character shows up clearly and the nature of the compromise
to be made is easlly seen. Those materials which are opaque
to shorter wavelengths also have high reflectance at shorter
wavelength., The gap between these two regions is that which
is to be fitted to the spectrum of radiation from the 333°K black
body. The materials best meeting this requirement are CaCO3,

510p, LiF, MgF,, CaFp, BaFo, and A1203.
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As noted in the previous discussion, high emittance
is most easily attained by a thick layer of material with a
modcrate absorption coefficient., By the nature of the product,
the layer on the C4dS solar cell must be a thin film and be
applied to cells 3 inches square. To retain the concept of
a light-weight, flexible cell, the coating should be no more
than 10 microns thick and be mechanically flexible., To
achieve this, the coating can be deposited by sputtering, or
vacuum evaporation, or painting.

Plastics which can be painted on or laminated onto the
surface of the cell generally have undesirable infrared optical
properties. The most pronising would be the silicone resins
which have some of the absorption characteristics of glass.

Films of MgFo and glass which are deposited by evapora-
tion and sputtering have the desired optical characteristics.
However, in layers over 1 micron in thickness, thz residual
stresses developed during deposition cause mechanical insta-~
bility in the form of peeling or checking of the film. While
checking may not destroy the optical properties, the useful-
ness of the film as a molsture barrier is lost. Previously,
it has been found that 1/3 micron of SiO evaporated cntc the
cell greatly reduced the water vapor attack, Consequently, a
two layer evaporated film was attempted. Glass or Si0 was
first deposited to a thickness of 1000 to 3000 R and over this
a thick layer of MgF, was vacuum deposited., Results for this

are shown in the section on measurements.




Material Properties

The optical requirements for the coating material have
limited the number of materials which are likely candidates
to seven. These are CaC03,Si0p, LAiF, MgFo,CaFo, BaFo and
A1203, BaFo and CaF, are slightly water soluble and are
not particularly hard in the film form. They would be
marginally useful. LiF is composed of relatively light ions
and does suffer damage in the van Allen belt. This reduces
the 1list to CaCOs3, Alp03, Si0p, and MgFp. The first two
materials are highly refractory and decompose when heated in
a vacuum. In the molten state, they also react with materials
which could be used as crucibles. Thus A1203 and CaCO3 must be
either sputtered or evaporated by electron bzam heating.

Si0p and MgF, can also be deposited in these ways. Further-
mcre, Si0 can be evaporated from most refractory metal crucibles
to form films of SiOX. MgFo can also be vacuum evaporated from
most metal boats.

As a consequence of the properties discussed, the course
of this program was to pursue the sputtering of A1203 and S10o
in the attempt to develop a process where these materials could
be deposited in the required thickness in a reasonable time
period. Also, MgF, was vacuum evaporated with the aim to deposit
thick continuous films onto a relatively cool substrate.

Organic coatings in the form of sheet plastics and paints
were also investigated. The infrared absorption spectra of
These materials show strong bands which are usually quite

narrow. The most promising are the silicone resins and coatings



of silicone varnishes. Thne normal laminating plastics were
also investigated.
Methods of Coating

Evaporation

The preparation of thin films by the technique of vacuum
evaporation is a standard process for producing anti-reflection
coatings on lenses and complex multi-layer interference filters.
Mocst materials do not evaporate and condense congruently, but
the simplicity of the method itself suggests that it be attempted
where possible., Examples of materials which can be evaporated
are: Si0O, MgF,, CaFp, and LiF. Although evaporation of the
aforementioned materials is possible, not all are achieved with
the same ease nor are the results for each material the most
desirable. The vacuum evaporation apparatus which was used
for experiments with the various materials was a Kinney High
Vacuum Evaporator, Model SC-3. The layout of the substrate
holder, resistance heated boats, substrate heater is shown in
Figure 4, The resistance heated boats would be considered as
a direct surface source and evaporations are assumed to
take place according to Knudsen's calculations. The equation
for calculation of thickness of deposited films at a point

directly above the source would be:

t=m . l_
Te hn2
where m = mass evaporation

density of material

h = distance from source to substrate

10
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The evaporation rate can be vitally important in the formation
of optical films by the vacuum evaporation method and varies
from one type of material to another. Generally, it can be
sald that higher rates are more conductive to good optical
films with the exception of Si0 in which pinholes are reduced
by use of low deposition rates.

Stresses are formed in deposited films and indications
are that as the film thickness increases, the stress also
increases, This is partly due to the temperature gradient
through the deposit and the substrate. Another important factor
is the increase in crystallite size as the film grows. RElevated
substrate temperatures generally produce films with lower
residual stress. Even at higher substrate temperatures, stresses
will bz induced due to expansion coefficients differing as well
as other property differsnces of the substrate and the material
being deposited. Initial evaporation of Si0O and MgFo were
accomplished at pressures of 2 x 105 mm Hg on substrates at
room temperatures. Rates of evaporation were relatively low,
in the 30 to 100 B per second range. Almost invariably the
films that were of any reasocnable thickress were mechanically
unstable. Generally the films would peel from the substrate
without any cutside influence and thoce apparently adhering
were easily flaked off by a minor amount of flexing of the
substrate. Both Si0 and MgFp evaporations were similar in
results when thicker coatings ( »1.0 microns) were fabricated

undeyr the above conditions.

12




In order to improve the adhesimof the coating, 2
substrate heater was installed in the vacuum evaporator. The
temperature of the substrate was raised to approximately 60°C
for deposition experiments. At this temperature, with the
othzr parameters remaining the same, erratic results were
also obtained for deposits of one micron or more., Some films
were made on which the coating had very good adhesion and
othars which immediately on removal from the chamber commenced
flaking off. When the films that appeared to have adequate
adhesion were viewed under magnification it could be seen that
there were still some discontinuities in the coating.

Further improvement in the adhesion of the coating was
accomplished by raising the substrate temperature to 270-300°C,
and increasing the deposition rate to 250 & per szcond. Using
this procedure, good adhering films over the range from three
to eight microns thick were produced.

Table I lists a number of evaporations of various materials
and the results that were obtained. A number of coated cells
were sent to NASA for evaluation and are listed in Table II.

Sputtering-Film Deposition

Prcoccedures

Film deposition by sputteringris a well-known process and
has been adequately described in the literature. Dielectric
sputtering using the R-F plasma triode system was developed
by Wehner(z) and his co-workers and they have investigated the

process using many different materials. This technique was

13
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Cell No.

170

10

11

Table II

Sample Cells Delivered To NASA

Area

2.3 em?
2.3 cnm
2.3 cm
2.3 cm?
2.3 em®
2.3 cm?
2.1 em?
2,1 cm®
2.1 cm®

2.0 cm

15

Eff.(After coating & Iamination)

3.4
3.7%
3.0%
2.5%
3.0%

3.2

2.8%




chosen as one approach for thls program because any dielectric
which can be made into a suitable shape can be sputtered.

The particular aim was to deposit 3 to 10 microns thick layers
of glass onto the CAdS cell at a rate of 0.1 to 1 micron per
minute without adversely affecting the cell. Once the process
was developed for glass, other insulators such as alumina and
calcite could be studied,

The equipment used was fabricated from the CVC AST100
sputtering system and the necessary R-F gecnerator and amplifier,
Schematic diagrams of the apparatus are shown in Figures 5 and 6.
In principle, the system simply couples an R-~F power source to
a capacitor formed by the target electrode, glass target and
the plasma column., Power is dissipated in the glass target
by the positive ions on collision with the glass. Most of this
power appears as Joule heating of the glass with the remainder
carried away by the sputtered material,

After a period of trial and error in becoming acquainted
with the system, glass films were sputtered and data taken on
performance. Tables III and IV show typical rate data for
sputtering of pyrex glass in Argon gas. Noteworthy features
are as follows: First, sputtering takes place at a pressure
of about 0.5 microns of Hg where the mean free path is 10 cm.

A target-substrate spacing of 5 cm results in 40% of the sputtered
material being scattered before reaching the substrate. This

is a significant improvement over two electrode diode sputtering
where the pressure would be at least 10 microns of Hg and about

87% of the sputtered material would be scattered before reaching

the substrate. Secondly, the deposition rate is quite low, at

16
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Table III

Sputtered Pyrex Coatings on Small Areas

Target
Pressure Net RF Electrode Deposition
Gauge Power Areg Rate
(0 Hg) (Watts) (cm®) (u/hr) Remarks
10.0 200 16 0.02 Thickness from Angstrometer
3.0 130 16 0.1 Thickness from Angstrometer
3.0 175 16 0.015 Thickness from Angstrometer
0.5 320 79 0.24 Thickness from Sample Weight
0.65 320 79 0.5 Thickness from Sample Weight
0.5 330 79 0.38 Thickness from Sample Weight
0.65 317 79 0,51 Thickness from Sample Weight

Note:
Argon gas ambient,
Pyrex crystallization dishes were used as targets.
The samples used for the thickness determination by

weight were approximately 2 cm x 3.5 cm,

19



Table 1V

Sputtered Pyrex Coatings on Large Areas

Pressure Net RF Substrate Deposition
Gauge Power Thermometer Rate
(v_Hg) (Watts) (°C) (u/hr)
0.52 335 0.25
0.53 340 300 0.25
0.50 400 233 0.27
0.55 390 208 0.27
0.55 320 234 0.36
Note:

Argon gas ambient,

Pyrex crystallization dishes were used as targets;
Electrode area: 79 cmz.

The samples were approximately 7 cm x 3.5 cm,

The average deposition rate over these larger

area samples was about half what it was on the

smaller samples,

20




The maln advantage expected to be gained by sputtering
of a dielectric is that the composition of the deposited
layer will be very nearly that of the parent material. In
otherwords, the material should be removed and deposited
congruently. It was hoped that this would evidence itself
in lower residual stresses and eliminate peeling of the
deposited film. There was no clear-cut evidence that this
was the case when glass is sputtered in Argon. Films over
1 micron thick were about as stable as those made by thermal
evaporation of Si0. The addition of 40% oxygen to the
sputtering gas did eliminate the problem of peeling. However,
the sputtering rate was also reduced, as is shown in Table V.,

Sputtering-Conclusions

From the data gathered on the sputtering investigation,
qualitative and quantitative conclusions can be drawn. The
first 1s concerning the usefulness of the system itself.

For the purposes desired in this program, the system is
extremely delicate to coperate., At the power levels required,
the system is inherently unstable due to the negative resis-
tivity teﬁperature coefficient of insulators and catastrophic
failures can result. Aside from this, the mechanics of trans-
mission of power to the target are difficult to carry out inside
the evacuated bell Jar.

Quantitatively, from the data obtained, the temperature
of the substrate can be predicted from a knowledge of the
deposition rate. Our experiments gave, at best, one molecule for
about ten thousand electron volts of energy. Recently dis-
closed findings by P. D. Davidse and L. I. Maissel(3) show a

similar value for silicon dioxide. These results are somewhat

21




Table V

Sputtered Pyrex Coatings

Pressure Net RF Substrate Deposition Approximate
Gauge Power Thermometer Rate Gas Composition
(vHg) (Watts) °o) (x/hr)

0.54 355 200 0.26 Argon ‘Ar)
0.54 340 232 0.13 Ar then air
0.9 360 210 0.12 Air
0.5 380 180 0.24 Ar
1.0 350 130 0.05 05
1.0 360 150 0.15 60% Ar, 40% 0,
0.6 380 150 0.13 80% Ar, 20% O2
0.6 390 170 0.10 Ar

Note:

4 to 5 mm thick pyrex plate used as target;

Electrode area: 79 cmz.

22




surprising since an atcm of tungsten can be sputtered with
about one thousand electron volts of energy. Silver requires
cne-fifth as much energy as tungsten. Most of the 10 KeV per
molecule required to sputter glass is dissipated at the target,
converted to heat, and raises the temperature of the target.
If it is assumed that the sputtering distribution from a point
on the target follows the cosine pattern, then the geome trical
factor in the material collection efficiency of the substrate
is the same as the corresponding factor in the substrate's
collection efficiency for heat radiated from the face of the
target.

The collection efficiency of sputtered material per
unit area of the substrate will be affected by two factors,
The first factor (G) is due to geometry alone. The second
factor is due to scattering of material molecules by ambient
gas molecules. (Iet U represent the fraction of molecules
traveling toward the substrate which are unscattered before
reaching the substrate.) This scattering is influenced by
geometry and gas pressure, The fraction of sputtered molecules
collected per unit area of the substrate is then G times U.
(Each of these factors includes an elliptic integral of the

space coordinates.)

Target Substrate Substrate Cooler
P AGPq [ P3 v
¢ —> <
P—» [|]«—P
1 1 P42- > P2

Area A

]

P——)L(—P

23



Assume that the sputtering target receives energy at a
rate P from the bombarding lons. Assume also that 1t must
radiate this to the chamber walls at a temperature T, and to
a substrate (assumed to have the same area A as the target).

A fraction, G, of the power radiated from the face of the target
is absorbed by a unit area of the face of the substrate. The
substrate, in turn, radiates heat, half of which is absorbed by
the substrate cooler and a fraction, AG, of which is absorbed

by the facz of the target. The substrate cooler is held at
temperature T3. Relations among T, Ty To» T3, and G are
obtainable.

P = =2P, + 2P1 - AGPo, P, + AGPy + P3 = 2P2

Po = AGT,% Py = AgTy™ P, = AT, g Ao—T34

Then Py = 1/2P + Py + 1/2AGP,

n

If Ac T, + 1/'2AGP2 is negligble compared to P, Py = 1/2P

/b

1
Then Ty = (p/2A0 )

and T, =(1/2T0”' + 1/21"34 + 1/2GP A5~ )1/“

also G = 2¢(2Tp" - To" - T3%)/P

R, the removal rate in mass per unit time for a given
target at a given RF power is PQ, where Q is the number of grams
removed per watt-second. The best Q we have achieved thus far

8

is 7.5 x 107" gm/watt-second, at a power density of 5.0 watts/em?

24



The deposition rate 1s RGU which may be rewritten

26;16’U(2T24 - Tou) in mass per unit area per unit time or

- To“-T3“)4a in thickness per unit time.
This can be solved for the substrate temperature,

Tp = (/2074 (2 + 1t 1 2 £ fasu)/A

6 = 5.679 x 10712 watt/emek™.
Figure 7 shows substrate temperature as a function of
deposition rate for three different values of the unscattered
fraction assuming/o- 2.4 gm/bm3 and T, = T3 = 290°K.

Measuraments

The properties of films were determined by measurement
of thickness, emittance, reflectance, cell spectral response,
effects of humidity, dessicated air, and vacuum,
1. Thickness
The thickness of deposited films can be measured in
several ways: multiple beam interferometry, shallow field
microscope, or measurement of weight gain after deposition.
The shallow field microscope was used infrequently as
the accuracy for measuring films less than 2-3 microns thick
is poor. Subsequently, all the initial thickness measurements
were accomplished by measurement of welght before and after
deposition. These measurements were correlated with the multiple
beam interferometer. Agreement between the last two methods
was quite good with the error probably less than 150 R out of
10,000 A. The multiple beam interferometer necessltates
deposifion of an opaque, highly reflecting film over the coating
itself. Consequently, the £ilms on cells were measured using
the weight gain method. This was more than satisfactory for
25
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for our purposes.
2. Reflectance

One of the Important features of the optical coating
of the CdS cell is the film's emittance at 9~10 microns, the
peak in the radiant emittance curve of a 300°K black body.
This emittance can be deduced from measurement of total
reflectance, The equipment used were General Electric and
Perkin-Elmer spectrophotometers, The GE unit, equipped
with an integrating sphere, is capable of measuring total
reflectance in the range from .3 to .7 microns. The Perkin-
Elmer spectrophotometer measured specular reflectance in the
range from 2.5 to 30 microns, Since the sample surfaces are
not specular in nature, Rayleigh scattering is a major
factor in determining the functional dependence of specular
reflectance on wavelength, In order to determine the total
reflectance of the coating, i1t was necessary to coat one-half
of the sample surface with about 1000 &R aluminum. The specular
reflectance of the two surfaces were determined and the total
reflectance was found by taking the ratio of the specular
reflectance of the coating to the specular reflectance of the
coating with the aluminum overlay. Figure 8 shows the
speccular reflectance of a typical cell coated with sputtered
pyrex glass., The interference pattern of the CdS on molyb-
denum can be seen along with evidence of Rayleigh scattering.

The CdS film thickness can also be calculated from the curve

27
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28 follows:

Thickness = N
2(r4-s1n21)1/?(v1-v2)
where N = number of maxima between Vi and Vs,
H = refractive index
I = incidence angle = 13°
Vl,V2 = wave numbers of extreme maxima in em~1
thickness = 21

2(2.52 - .222)1/2(2000 - 600)

30 microns
Figure 9 is the reflectance spectrum of a CdS cell with an
opaque aluminum overlay. This curve is a good demonstration
of Rayleigh scattering and the effect of particle size on
the reflectance from the surface,

Figures 10, 11, and 12 are reflectance curves of
thick crystals of MgFo, CaF, and LiF respectively. The reflec-
tance spectra of these are all satisfactory for the coating.
All except MgF2 were discarded after initial experiments,
however, as unstable either mechanically, chemically, or in the
van Allen radiation., Figure 13 is a typical reflectance curve
of an uncoated CdS film. The interference pattern can be again
notad. The CdS film when coated with MgFo and an opaque layer
of evaporated aluminum is also an excellent example of Rayleigh
scattering. This curve as shown in Figure 14 comes close to
100% reflectance at 20-30 microns whereas in Figure 15, the
reflectance of the MgF, coated sample is sufficiently reduced.
Comparison of Figures 14 and 15 will show that the coated sample
has a reflectance of about 30%4. This would lead to an emlttance

of 70% which is sufficient.
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3. Emittance

Spectral reflectance measurements provide an easy
me thod of measuring emittance when the reflectance spectrum
is s?mple in structure. However, the presence of absorption
and reflection bands in the infrared complicate calculation
of emittance at low temperatures. In this case, it is simpler
to assembly a radiator from the material to be studied and
measure its temperature at a known power dissipation. An
apparatus was assembled to do this and it is shown schematically
in Figures 16 and 17. A normal bell jar-vacuum Set up was
modified as follows. The interior of the bell Jjar and the
baffle plate were coated with acetylene black to provide an
isothermal room temperature enclosure with a high emissivity.
A flat heater was made from small diameter copper magnet wire
with A1203 plates bonded to each side of the heater, and sus-
pended vertically in the approximate center of the bell jar.
Since the resistance of the heater is proportional to the temp-
erature, measurement of current and voltage 1s an accurate
indication of the temperature of the heater and/or the sample
surface, The heater surfaces (A1203) were blackened with
acetylene black in order to have the same emittance and reflec-
tance as the interior of the chamber. At a steady state

condition the thermal equation of the system is:

P = Pl + PO
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Evacuated Chamber
(blackened interior)

Suspension
System

Sample -~ with internal
heater

Baffle Plate S%all Wire Heater

(blackened) _— eads

L . ! —] Base Plate
Discharge Evacuation
Gauge Orifice

Figure 16 Emittance Measurement Apparatus
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Bell Jar Wall Heater Bell Jar Wall (blackened)

(&) PO
= S —

P =Py +P,

where: P Power radiated from sample + Power reflected

from sample of wall radiation + Power reflected
from sample of wall reflection of sample radiation.
P = Power radiated from wall + Power reflected from
wall of sample radiation + Power reflected fron
wall of sample reflection of wall radiation.
P, = Electrical power into heater considering only
one side of sample surface. |

Evaluating the above produces the following equations:

4 2
P = BjOTAT +RPo' (1 + RjR + Ri“R® + ......l)

+RR1P' (1 +R1R +R12R2+ ooo..coo.)

4 2,2

PO:EGATO +RP' (1 +R1R+R1R +roooo)

+ RlR.POl(l + RlR + R12R2 + o---ooo)
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Iet P! = EO'ATOu and

P' = I!‘-:]_CTA'I')4
Substituting in:

Produces:
1
Py + (1 + BR ) Eoarg® + _ R B, G AT
1 - RR 1 -RR
1+ R gioart + Ry ATyt
1-R1R 1 - RjR
where ; 1 + RBqR + R12R2 + RyRS + uveens = 1
and allowing:
R = l1 - E
Rl - l - El
RqR = 1 - E -Ej] +E;E
gives: Sl
El = oA
ot Pl (1 - 3)
oA
where: E - emlssivity of acetylene black = .93
o = 5.67x 10712 watts/em® ogH
A = area of heater (one side)
To = wall temperature
T = sample temperature
and El = the emittance of the sample coating

I
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The emittance of acetylene black was determined by setting
Ey = E 1n the above equation. JSeveral coating materials were
measured for emittance using the above set-up. Correlation
be tween published values and calculated valuss were in quite
close agreement showing the validity of the measurement.
Table VI lists some of our findings and those published for
particular materials,

4, Humidity & Vacuum

While the primary purpose of this program was

oriented towards an optical coating for CAS cells, it was
hoped that the cell would be stable when exposed to ambient
high humidities. Unfortunately, this was not accomplished.
A series of tests were made of cells that were coated with
MgFo and SiO-Mng, uncoated cells, and cells laminated in a
plastic sandwich.

The results were not promising. Figures 18, 19, and
20 show the rapid degradation of almost all cells after ex~-
posure to 90% RH. The best results obtained were on the cells
that had been laminated. After examination of the coated cells
under magnification and before exposure to high humidity, it
was noted that the coating was discontinuous. Uncoated, coated
and laminated cells were also stored in vacuum for observation
of the cell behavior over a period of time. All three types
of cells had more or less the same type of stabilization curve
as can be seen in Figure 21, At the various check points of
time versus output, the cells were also observed as regard to
spectral response characteristics, This was accomplished by

the placing of optical filters with different cut-off points

U2



Material Tested

Table VI

EMITTANCES

Calculated &

Published Values

&

Acetylene Black .93
CdS Cell Uncoated .22
Glass .86
Silicone Primer

GE-SS-4044 .26
Aluminum .02 -
CdS Cell Coated with .26
Silicone Primer

MgO .09
Aluminum Coated with MgFo .22

CdS Cell Coated with MgFo .70
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between the light source and the CdS cell. This could be
considered as a selective spectral response check., No
particular differences were noted in the degradation curves
of the various type cells regardless of the coating or
cover material.

Conclusions

As a result of the work done on this program, it is
concluded that deposition of dielectric films onto CdS solar
cells by sputtering is not feasible. In addition to the
inherent instabilities in the system at the necessary power
levels, the temperature rise of the substrate cell is in-
tolerable at the required deposition rates. While there may
be ways to avoid these problems, the resulting complexity
of the system would appear to render it impractical.

The vacuum thermal evaporation of MgF2 on the other
hand is simple and produées films with the necessary optical
properties. The heavy MgFpo layers do not seem to be suitable
moisture barriers, but in conjunction with an underlayer of
3000 R cf Si0 should be adequate. It is felt that the plastic
overlayer will not provide either moisture protection c¢cr a
sufficiently highly emitting surface. While the MgFo films
were mechanically imperfect, it 18 reasonable to expect that a
suitable combination of deposition rate and substrate temperature

can climinate this problem.
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